Phosphonoacetic acid specifically inhibited human cytomegalovirus DNA synthesis in virus-infected human fibroblasts as detected by virus-specific nucleic acid hybridization. Inhibition was reversible; viral DNA synthesis resumed upon the removal of the drug. The compound partially inhibited DNA synthesis of host cells in the log phase of growth but had little effect on confluent cells.
noside, have been shown to possess anti-herpesvirus activity, but each compound is also cytotoxic (1, 2, 5, 10) .
In random screening of chemical compounds, Shipkowitz et al. (12) showed that phosphonoa-OH 0 1 17 cetic acid[HO-P-H2C-OH] appeared to be 0 very active against herpes dermatitis in mice and herpes keratitis in rabbits. In addition they have shown that replication of herpes simplex virus and viral DNA is impeded by phosphonoacetic acid and the drug seems to have little effect on host cell function (8, 9) . The suggestion has been made that inhibition involves the specific recognition of herpes simplex virus-induced DNA polymerase (8) .
Infection of WI-38 human fibroblasts with human cytomegalovirus (CMV) led to the stimulation of host cell DNA polymerase synthesis and induction of a new virus-specific DNA polymerase (6) . This new CMV-induced DNA polymerase has been purified and separated from host cell enzymes by DEAE-cellulose and phosphocellulose-chromatography. Based on the availability of the partially purified CMV-induced and host cell DNA polymerases (6) , and the availability ofCMV-specific 3H-labeled complementary RNA for quantitation of viral DNA (7), we have been able to observe in detail the effect of phosphonoacetic acid on human CMV replication and demonstrate specific inhibition of viral DNA replication and virus-induced DNA polymerase activity.
MATERIALS AND METHODS Cells and virus. WI-38 human fibroblasts (Hayflick, passage 21-28), obtained from HEM (Rockville, Md.), and human CMV strain AD-169 (7, 11) were used throughout. The cultivation and maintenance of cells and virus have been described (6, 7) . Cell monolayers in roller bottles (surface area 1,000 cm2) or in Falcon tissue culture flasks (75 cm2) were infected with CMV as described previously (6, 7) .
Phosphonoacetic acid (PAA) solution. The stock solution of PAA (Bodman Chemical, Richmond) was prepared in distilled water at a concentration of 20 mg/ml, adjusted to pH 7.4 with 1 N NaOH, and sterilized by filtration through membrane filters (Millipore Corp. 3H-labeled cRNA-DNA membrane hybridization. The infected or mock-infected cell DNA was denatured in 0.5 N NaOH at 37 C for 2 h and then neutralized with 1.1 N HCI in 0.2 M Tris. The solution was adjusted to 6x SSC and immobilized on nitrocellulose membranes (B-6, Schleicher and Schuell). The tritiated human CMV cRNA with specific activity of 107 counts/min per ,ug was synthesized in vitro from purified viral DNA template (strain AD-169) as described previously (7) . The hybridization of 3H-labeled cRNA to the immobilized denatured DNA was by the procedure of Gillespie and Spiegelman (4) and as described before (7) .
Purification of human CMV-induced and hostcell DNA polymerases. The virus-induced and host-cell (WI-38) DNA polymerases were purified from cytoplasmic or nuclear extract (6) by DEAEcellulose (DE52, Pharmacia) and phosphocellulose (P 11, Pharmacia) column chromatographies as described previously (6) . The virus-induced enzyme isolated from infected cytoplasm was designated CyD2P3 (cytoplasmic fraction, DEAE-cellulose column peak 2, phosphocellulose column peak 3; see reference 6). Similarly, .the viral enzyme isolated from nuclei was designated as NuD2P3. Four other host cell DNA polymerases were used in this study for comparison; these are NuDl, CyDl, NuD2P1, and CyD2P2. NuDl and CyDl are low-molecularweight enzymes eluted by 0.05 M NaCl from a DEAE-cellulose column. NuD2P1 and CyD2P2 are high-molecular-weight enzymes obtained from peak 1 and peak 2 of phosphocellulose chromatography of nuclear and cytoplasmic extracts, respectively (6) . All the enzymes used in this experiment were kept at -20 C in buffer D (0.05 M Tris-hydrochloride, pH 7.8, 0.001 M EDTA, 0.001 M dithiothreitol, and 5% glycerol) with 50% glycerol.
DNA polymerase assay. The DNA polymerase assays are based on measurement of the incorporation of [3H]thymidine triphosphate into the acidprecipitable product as previously described (6) . In system A, the stock reaction mixture (2.5x concentration) contained: 0.1 M Tris-hydrochloride, pH 7.8, 0.025 M MgCl2, 0.001 M dithiothreitol, 1.25 mg of bovine serum albumin per ml, and 0.25 mM each of dATP, dCTP, dGTP, and 0.025 mM ITTP. One-tenth milliliter of the stock reaction mixture, 0.1 ml of activated calf thymus DNA (200 ;Lg/ml), 0.05 ml of enzyme, 1 ACi of [3HJTTP (specific activity 48 Ci/mM; New England Nuclear), and different concentrations of PAA (final concentration from 0 to 200 ,ug/ml) were mixed and incubated at 37 C for 30 min. The reaction was terminated by trichloroacetic acid precipitation. The precipitate was washed and counted as described previously (6) . In system B, the reaction mixture contained the same ingredients as in system A, except dATP, dCTP, and dGTP were omitted and the synthetic template-primer poly(dA)-oligo(dT),s18 in the amount of 2 gg per reaction was used instead of calf thymus DNA. Based on their template-primer preference (6), activated calf thymus DNA was used as templateprimer (system A) to assay two host-cell enzymes (NuD2P1 and CyD2P2) and poly(dA) oligo(dT) [12] [13] [14] [15] [16] [17] [18] (system B) was used to assay viral enzymes and a host cell enzyme (CyDl or NuDl).
RESULTS
Inhibition of viral DNA synthesis by PAA in virus-infected cells. The amount of viral DNA synthesis in virus-infected cells was monitored by nucleic acid membrane hybridization with virus-specific 3H-labeled cRNA as a probe. Increasing amounts of viral DNA were detected in the virus-infected cells for at least 48 h after infection (Fig. 1) . In contrast, viral DNA synthesis was completely inhibited by the presence of as little as 50 ,ug of PAA per ml; partial inhibition of the viral DNA synthesis was observed Influence of viral DNA synthesis in virusinfected cells by PAA. PAA was added to the virusinfected cell cultures immediately after virus adsorption at a final concentration of 0 to 2X)0 pg/ml. At various times after infection, the total DNA was extracted from the cell culture for virus genome quantitation by 3H-labeled cRNA-DNA membrane hybridization. Amounts of DNA and CMV-specific 3H-labeled cRNA applied to each filter were 50 pg and 1.2 x 105 counts/min, respectively. The hybridization was done in 6 x SSC at 66 C for 20 h as described (4, 7).
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PAA cured the early cytotoxicity due to CMV infection. Typical cytomegalovirus cytopathic effect (CPE) was found 24 h after infection. More severe development of CPE was demonstrated 72 h after infection. In the presence of PAA (50 to 500 ,ug/ml), the CPE was also demonstrated 24 h after infection. However, this CPE was overcome and cured by 48 to 72 h after infection.
Viral DNA synthesis was also measured after the removal of the drug. The PAA was removed from the infected cultures by replacing with fresh maintenance media at various times after infection (Fig. 2, indicated by arrowhead) . Viral DNA synthesis was measured 4 to 12 days thereafter by the nucleic acid membrane hybridization technique. Inhibition of viral DNA synthesis by PAA was reversible; there was resumption of viral DNA synthesis upon the removal of the drug. Nevertheless, as the period of treatment with PAA was extended, the amount of virus DNA synthesized after its removal was reduced, and the time taken for CPE to reappear was increased. It is speculated that some of the uncoated viral genome might persist in the infected cells and not be degraded by the host cell restriction enzyme system for a period of time; persistence of viral DNA would then be dependent on its resistance to host cell restriction nuclease digestion.
Influence of PAA on the DNA synthesis of normal WI-38 cells. No obvious morphological alteration or damage was observed in the confluent cells in the presence of 100 to 1,000 Ag of PAA. Cultures that had been divided from one to three usually took 4 days to regain confluence; in the presence of 100 ,ug of PAA per ml, they took 6 to 7 days. The effect of PAA on WI-38 cellular DNA synthesis was measured by pulse labeling with tritiated thymidine in the presence of PAA (Table 1) . Partial inhibition of WI-38 DNA synthesis was observed with concentrations of PAA of 100 ,ug up to 1,000 ,ug; these levels inhibit viral DNA synthesis totally. A dose response effect was observed. At the maximal dose used (1,000 ,ug/ml) cell DNA synthesis was still 15 to 40% of control. The compound apparently has less effect on the DNA synthesis of confluent or nearly confluent cells than on cells in the log phase of growth.
Effect of PAA on host cell and virus-induced DNA polymerase activities. The effect of PAA on the partially purified host cell (Fig.  3a) and virus-induced DNA polymerase activities (Fig. 3b) was determined. A remarkable inhibition of virus-induced DNA polymerase (80 to 95%) was observed when the drug was added at a concentration of 10 ,ug/ml. More complete inhibition was obtained when the concentration of the drug reached the level of 50 ,ug/ml. The host cell enzymes were relatively resistant to PAA; at a drug concentration of 200 ,ug/ml, there was less than 15% inhibition of NuDl, CyDl, and NuD2P1. One of the host cell enzymes, CyD2P2, appeared somewhat sensitive to PAA, but only 40% of the enzyme activity was inhibited when 200 ,ug of PAA per ml was used. Evidently there is selective inhibition of virus-induced DNA polymerase by PAA.
Failure to overcome inhibition of activity by increasing template concentration indicated that the PAA directly interacts with the virusinduced enzyme and not with the templateprimer ( Table 2 ). The template-primer at a concentration of 6 ,ug/ml almost saturated the constant amount of enzymes used in this experiment. By comparison with the control without PAA, partial inhibition of virus-induced enzymes in the presence of a low concentration of PAA (5 ,ug/ml) was observed. Increase The specific inhibition of viral DNA synthe-20A t\ sis by PAA in the CMV system was attributed :"______ ,to its specific inhibition on virus-induced DNA z--'. _,^,, ,. . .polymerase activity. As little as 10 ,ug of the 50 100 150 200 compound per ml inhibited up to 95% of virus-,USml (PA.) induced enzyme activity, whereas a relatively FIG. 3 . Effect ofPAA on the partially purified host low level of inhibition of host cell enzymes was cell and virus-induced DNA polymerase activities. observed. There was no great increase in the PAA was added to the reaction mixture at a final inhibition of host cell enzymes as the drug conconcentration ofup to 20 pg/nl. The incubation was centration was increased from 10 to 200 pg per carried out at 37 C for 30 min, terminated, and ml. Additional evidence that PAA acts on the washed with trichloroacetic acid as described in the polymerase was provided by the fact that in- Bll, 1975) . It is possible that the above herpesviruses are all capable of inducing their own specific DNA polymerases which are sensitive to PAA; at least this would appear to be the case in herpes simplex and human CMV systems. It is worth mentioning that the early CPE in CMV infection is induced by early transcription and translation product (3); viral DNA replication is not essential for the early cell damage. The inhibition of viral DNA synthesis by PAA did not prevent the early CPE. The continuation of the CPE in control, nontreated infected cells and the curing of the CPE by PAA suggested that viral DNA replication is essential for the persistence of CPE; the newly synthesized virus DNA might contribute to the continuing transcription and translation of certain viral gene functions which are also responsible for the continuation of CPE.
PAA is a simple compound with a highly charged moiety. Its mode of interaction with virus-induced enzyme and its mode of penetration through biological membranes still remain a mystery and require further examination. The results of our preliminary study of the relation of chemical structure and biological activity indicate that the modification of phosphonate and carboxylate moieties totally abrogate the inhibitory effects (our unpublished results). Synthesis of PAA analogues, e.g., lengthening the carbon chain between the phosphonate and carboxylate moieties, introducing bulky groups, introducing hydrophobic moiety and electron-donating and withdrawing groups, is underway to elucidate the mechanism of specific inhibition and understand the topography of virus-induced DNA polymerase.
